With the emergence of multidrug-resistant bacterial infections, there is a critical need for the identification of antibiotics with novel mechanisms of action (1, 2) to complement or supplant existing drugs that inhibit protein, nucleic acid or cell wall biosynthesis (3) .
The biosynthesis of lipid A (endotoxin), the membrane anchor of lipopolysaccharide, is a promising target for antibiotic design because lipid A is an essential molecule in most Gram-negative bacteria (4) . Lipid A is synthesized in the cytoplasm and on the inner surface of the inner membrane by nine unique enzymes (5) . The first step is acylation at the 3-OH group of UDP-N-acetylglucosamine (Figure 1) , followed by the deacetylation of the product UDP-3-O-(R-3-hydroxyacyl)-N-acetylglucosamine (UDP-3-O-acylGlcNAc), catalyzed by the zinc-dependent enzyme LpxC 1 (6) .
Substrate binding by LpxC has been extensively studied using enzyme kinetics, NMR and X-ray crystallography. These studies suggest that the acyl chain of UDP-3-O-acylGlcNAc binds to LpxC within an unusual hydrophobic passage (7) (8) (9) (10) . The passage is open at the protein surface, andthereforecanaccommodatedifferentacylchainlengths (11, 12) . The UDP moiety of UDP-3-O-acyl-GlcNAc is also critical to substrate binding (13) , and a structure of LpxC with bound UDP has revealed the nucleotide binding site (10) . Unlike the hydrophobic passage, the UDP binding site has not been exploited in the development of potent LpxC inhibitors.
Low to sub-nanomolar inhibitors targeting LpxC display antibiotic activity (14) (15) (16) (17) . CHIR-090, the most potent LpxC inhibitor currently available, inhibits a diverse range of LpxC orthologues, generally by a two-step, slow, tight-binding mechanism (14, 16) . For Escherichia coli LpxC the first step of binding is competitive with respect to substrate and exhibits a K i of 4.0 nM, followed by isomerization to a complex with a K i * of 0.5 nM (14) . Rhizobium leguminosarum LpxC is orders of magnitude (680-fold) less sensitive to CHIR-090 (14) , indicating that CHIR-090 does not inhibit all LpxCs with equal potency and thus could be improved to extend the spectrum of inhibition.
The most potent LpxC inhibitors interact with the hydrophobic passage, including CHIR-090, which coordinates the catalytic zinc ion and occupies the hydrophobic passage of Aquifex aeolicus LpxC (18) . Similarly, the less potent, narrow-spectrum inhibitor L-161,240 (17) also utilizes the hydrophobic passage of E. coli LpxC (18) . Recent crystallographic evidence suggests that another potent LpxC inhibitor, BB-78485 (15), does not penetrate the hydrophobic passage but rather deforms this passage and the active site to cradle the two naphthalene moieties of this compound (19) . Neither CHIR-090, BB-78485 nor L-161,240 interacts with the UDP-binding site.
To explore the UDP-binding site as a target of future drug design, a uridine-based library was screened for novel LpxC inhibitors. Despite the low probability that such a compound would be an effective drug, the identification of a uridinecontaining compound will provide a basis for the development of analogues with more favorable drug properties and provide a new direction for increasing the avidity of existing inhibitors. From this screen compound 1-68A was identified as a two-step covalent inhibitor of E. coli LpxC that competes with UDP when binding. Additionally, the inhibition of many purified LpxC orthologues by this compound and a small group of analogues is reported. (18) . The uridine-based inhibitor library, 1-68A and 2-68A were synthesized as previously described (20) . In aqueous solution 1-68A decomposes in air over the course of 1-2 days, and was stored at -80°C (alternatively, this compound may be stabilized by the addition of DTT or pyruvate).
EXPERIMENTAL PROCEDURES

Materials
Assay of LpxC ActiVity. E. coli LpxC (14) , UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine, and [R-32 P]UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine were prepared as previously described (21) . Assays of LpxC activity were performed at pH 7.4 with 5 µM substrate, except where noted. In experiments including inhibitors dissolved in DMSO, the final concentration of DMSO was 10% (v/v) in each assay. In all experiments, the concentration of the enzyme was at least 10-fold below the concentration of either the inhibitor or the substrate.
Library Screening Conditions. The 1338-membered uridine-based library was compiled into 112 pools, each containing 500 µM of 12 compounds in 60% DMSO. Pools were diluted 1:10 into an assay of E. coli LpxC containing 25 mM NaPO 4 , pH 7.4, 1 mg/mL bovine serum albumin (BSA), and 5 µM [R-32 P]UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine. Each reaction was initiated with 0.1 nM enzyme with a final volume of 5 µL and incubated for 30 min at 23°C. Reactions were quenched with 2 µL of 1.25 M NaOH and incubated for 15 min at 23°C to hydrolyze the 3-O-linked acyl chain of the substrate and product. Reactions were subsequently neutralized with 2 µL of 1.25 M acetic acid, and protein was precipitated with 1 µL of 5% trichloroacetic acid. UDP-N-acetylglucosamine was separated from UDP-glucosamine using a PEI cellulose thinlayer chromatography plate (EMD Chemicals, Gibbstown, NJ) developed in 0.2 M guanidine hydrochloride. Dried TLC plates were exposed to a PhosphorImager screen and analyzed using a Storm 840 PhosphorImager (GE Healthcare, Chalfont St. Giles, Buckinghamshire, U.K.).
Inhibitor pools showing 40% or greater inhibition of E. coli LpxC activity were rescreened to identify the active compounds. Individual compounds were assayed in concentrations ranging from 1 to 500 µM using the same assay conditions described above, while maintaining 10% DMSO intheassay.Compoundsdemonstratingfavorabledose-response curves were further analyzed by fitting an IC 50 value using eq 1:
in which V i is the initial velocity of an inhibited reaction, V 0 is the initial velocity of an uninhibited reaction, I is the concentration of inhibitor, IC 50 is the inhibitor concentration at which 50% inhibition of activity is observed, and H is the Hill slope describing the steepness of the curve.
Rapid Dilution and Dialysis of the E. coli LpxC-1-68A Complex. E. coli LpxC (1 µM) was incubated with 50 µM 1-68A in a buffer containing 1 mg/mL BSA and 25 mM sodium phosphate, pH 7.4 at 30°C for 30 min, then diluted 1:2500 with 1 mg/mL BSA and 25 mM sodium phosphate, pH 7.4. This solution was further diluted 1:4 at timed intervals into an LpxC reaction mixture as described above, where a linear reaction velocity was measured and compared to a control reaction that was incubated and diluted as described above, except with 0 µM 1-68A.
After incubating 5 mL of a mixture containing 2.5 nM E. coli LpxC, 50 µM 1-68A, 1 mg/mL BSA and 25 mM sodium phosphate, pH 7.4 at 30°C for 30 min, this mixture was loaded into a Slyde-A-Lyzer 10K dialysis cassette (Pierce) and dialyzed against 1 L of 25 mM sodium phosphate, pH 7.4 at 4°C. At timed intervals, aliquots were removed, tested for activity and compared to a control reaction as described for the rapid dilution experiment.
Determination of the Mechanism of 1-68A Binding to E. coli LpxC. Product accumulation data with varying concentrations of 1-68A were fitted with the equation describing irreversible time-dependent inhibition (22) : in which P is the concentration of product at time t, V i is the initial velocity, k obs is the observed first order exponential term for the formation of the E-I complex and C is a constant.
It was observed that a plot of k obs versus 1-68A concentration was hyperbolic and thus indicative of a two-step mechanism (Scheme 1), therefore these data were fitted with the equation:
in which k inact is the maximal rate of inactivation, K I is a kinetic constant describing the inhibitor concentration at which the formation of the E-I complex occurs at one-half the maximal rate (k inact ) (22) , and I is the concentration of 1-68A in the assay.
Determining the Binding Mode of 1-68A. Equation 2 was fitted to reaction progress curves determined over a range of substrate concentrations (∼0.2-5× K M ) and 10 or 25 µM 1-68A to extract a k obs value for each condition. These k obs values were plotted against the substrate concentration (S) and fitted with eq 4:
in which K M is the Michaelis constant for E. coli LpxC (14), k inact was determined from eq 3, and K I is defined above.
UDP Competition Studies. E. coli LpxC (250 nM) was incubated with 50 µM 1-68A with or without 100 mM UDP at 30°C in 200 mM sodium phosphate, pH 7.4, and 1 mg/ mL BSA. Portions were removed at various time points and immediately diluted 1:400 into a prewarmed LpxC reaction mixture (as described above). The initial reaction velocity (V i ) at each time point was compared to that of a reaction containing enzyme diluted from a control incubation (V 0 ) containing E. coli LpxC (250 nM) in 200 mM sodium phosphate, pH 7.4, and 1 mg/mL BSA.
Electrospray Ionization Mass Spectrometry (ESI-MS) Analysis. Liquid-chromatography (LC)/MS was performed as previously described (16), except LpxC was analyzed using a Vydac C4 reverse-phase column (2.1 × 50 mm). N-Acetylcysteine-methylester and 1-68A were analyzed using a Vydac C8 column. E. coli LpxC and 1-68A were incubated at 15 µM each in a buffer containing 25 mM sodium phosphate, pH 7.4 and 10% DMSO for 1 h at 23°C. Control samples were prepared that contained each component alone. N-Acetylcysteine-methylester (1 mM) and 1-68A (0.6 mM) were incubated in a buffer containing 50 mM TRIS, pH 7.6 for 4 h at 23°C. Proteolysis utilized Proteomics grade Trypsin (T6567, Sigma-Aldrich) according to the manufacturer's recommended protocols, followed by LC/MS analysis of the tryptic peptides using the conditions as previously described (16) .
Preparation of Mutant E. coli LpxC. Mutant E. coli LpxC proteins were prepared with the QuikChange PCR mutagenesis kit (Stratagene) using the pET-11:E.coli lpxC plasmid and purified as previously described (18) . The six cysteines were mutated as follows: C63S, C65A, C125A, C207A, C214N, C250A. The activities of the mutant proteins and wild type E. coli LpxC were assayed in cell-free extracts as previously described (14) , except that the cultures were grown at 37°C and induced with 1 mM isopropyl -D- 
thiogalactopyranoside when the A 600 reached 0.5, followed by overnight incubation at 18°C with shaking. E. coli LpxC C207A was purified as previously described (14) , and the kinetic characterization reported herein utilized this purified protein.
Synthesis of 1-68A Analogues. All chemical reagents were obtained from commercial suppliers and were used without further purification. Analytical thin-layer chromatography was conducted on Analtech Uniplate silica gel plates with detection by UV light. Reverse phase HPLC was performed on a Varian Prostar system using Microsorb C18 reversephase columns (analytical: 4.6 mm i.d. × 25 cm, 1 mL/min), and UV detection was carried out at 254 nm on a Varian ProStar 325 detector.
3,4-Dihydroxy-benzaldehyde O-[5-(2,4-Dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-3,4-dihydroxy-tetrahydro-furan-2-ylmethyl]-oxime (1-68Aa).
3,4-Dihydroxybenzaldehyde (9.9 mg, 0.072 µmol) was added to a solution of aminooxyuridine (25.0 mg, 0.0964 µmol) in 1% acetic acid/DMF (0.6 mL). The resulting solution was stirred in the dark for 4 days at room temperature under nitrogen, the solvent was removed in Vacuo, and the crude product mixture was purified by reversed-phase HPLC to yield a white solid (13.5 mg, 50%). R f : 0.75 (7:2:1 ethyl acetate:methanol:water, UV). 
2,4-Dihydroxy-benzaldehyde O-[5-(2,4-Dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-3,4-dihydroxy-tetrahydro-furan-2-ylmethyl]-oxime (1-68Ab).
2,4-Dihydroxybenzaldehyde (9.9 mg, 0.072 µmol) was dissolved in a solution aminooxyuridine (25.0 mg, 0.0964 µmol) in 1% acetic acid in DMF (0.6 mL). The resulting solution was stirred for 3 days in the dark at room temperature under nitrogen, the solvent was removed in Vacuo, and the crude product mixture was purified by reversed-phase HPLC to yield a white solid (11.6 mg, 43%). R f : 0.74 (7:2:1 ethyl acetate:methanol:water, UV). 
2,3-Dihydroxy-benzaldehyde O-[5-(2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-3,4-dihydroxy-tetrahydro-furan-2-ylmethyl]-oxime (1-68Ac
). 2,3-Dihydroxybenzaldehyde (9.9 mg, 0.072 µmol) was added to a solution of aminooxyuridine (25.0 mg, 0.0964 µmol) in 1% acetic acid/DMF (0.6 mL). The resulting solution was stirred for 4 d in the dark at room temperature, the solvent was removed in Vacuo, and the crude product mixture was purified by reversed-phase HPLC to yield a white solid (23.1 mg, 85%). R f : 0.75 (7:2:1 ethyl acetate: methanol:water, UV). 1-68Ad) . 3,4,5-Trihydroxybenzaldehyde (11.1 mg, 0.0720 µmol) was dissolved in a solution of aminooxyuridine (25.0 mg, 0.0964 µmol) in 1% acetic acid/DMF (0.6 mL). The resulting solution was stirred for 4 days at room temperature, the solvent was removed in Vacuo, and the crude product mixture was purified by reversed-phase HPLC to yield a white solid (6.1 mg, 22%). R f : 0.70 (7:2:1 ethyl acetate:methanol:water, UV). 
2,3,4-Trimethoxy-benzaldehyde O-[5-(2,4-Dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-3,4-dihydroxy-tetrahydro-furan-2-ylmethyl]-oxime (1-68Af).
2,3,4-Trimethooxybenzaldehyde (5.80 mg, 0.0296 µmol) was added to a solution of aminooxyuridine (10.0 mg, 0.0385 µmol) in 1% acetic acid/ DMF (1 mL). The resulting solution was stirred in the dark for 1 day at room temperature under an atmosphere of nitrogen. The crude product was then concentrated in Vacuo and purified by reversed-phase HPLC to yield a white solid (7.3 mg, 56%). (9) or 50 µM (O) 1-68A were initiated with 0.1 nM E. coli LpxC. Both reactions progressed for 9 min, at which point dithiothreitol was added (as indicated by the arrow) to a final concentration of 2 mM. The reduced velocity of the 0 µM reaction after 9 min is not due to dilution but rather dithiothreitol is a weak competitive inhibitor E. coli LpxC (data not shown). (C) pH-rate profile of wild-type E. coli LpxC specific activity (O) and the rate (k obs ) of 1-68A inhibition (9) . The bell-shaped profile is fit with a pK 1 of 5.9 and a pK 2 of 8.0. The k obs profile is fitted with a curve describing a pK a of at least 9.2. (D) Reactions containing 0 µM (9) or 2 mM (O) 1-68A were initiated with 0.1 nM E. coli LpxC C207A. Both reactions progressed for 9 min, at which point dithiothreitol was added (as indicated by the arrow) to a final concentration of 2 mM. Data is representative of two separate experiments.
RESULTS
Identification of a Uridine-Based LpxC
Inhibitor. An initial screen of a uridine-based library (20) revealed six compounds that inhibited E. coli LpxC activity by more than 40%. Two related compounds, 1-68A and 2-68A, contain a 2,3,4-trihydroxy benzyl moiety appended to uridine through an aminooxy or glycylaminooxy linkage, respectively ( Figure  2 ). These compounds were previously identified as competitive inhibitors of the mucin N-acetyl-R-galactosaminyltransferase family (ppGalNAcT's) (20) . Compounds 1-68A and 2-68A exhibited IC 50 values against E. coli LpxC of 27 ( 5 µM and 120 ( 30 µM, respectively, using single time-point assays. As depicted in Figure 2C , the best fit of eq 1 specified a Hill slope of 0.7 for each curve, indicating a shallower dose-response curve than expected for a rapidly reversible inhibitor.
Kinetics of 1-68A Inhibition. The reaction velocity of E. coli LpxC in the presence of 1-68A decreased as the reaction progressed, as shown in Figure 3A , indicating time-dependent inhibition. Enzyme inhibition appeared kinetically irreversible because rapid dilution ( Figure 3B ) or dialysis ( Figure 3C ) of the LpxC-1-68A complex failed to restore enzyme activity. Product accumulation data was fitted to a kinetically irreversible, time-dependent inhibition model (eq 2, Figure  3A) to derive a k obs value for each concentration of inhibitor; k obs is the pseudo-first-order rate constant of enzyme inactivation. The plateau of k obs at high 1-68A concentrations, as seen in Figure 3D , indicates the rate of formation of the terminal complex is saturable at high inhibitor concentrations. The kinetics of 1-68A binding to E. coli LpxC are most consistent with the two-step, kinetically irreversible mechanism shown in Scheme 1 (22) . Using nonlinear curve fitting, values for the kinetic parameters k inact (the maximal rate of enzyme inactivation) and K I (the inhibitor concentration at which k obs is one-half of k inact ) were determined to be 1.7 ( 0.3 min -1 and 54 ( 7 µM, respectively, using eq 3 and eq 4.
To determine the binding mode of 1-68A, the effect of substrate concentration on k obs at two 1-68A concentrations (10 and 25 µM) was investigated. The diminishing magnitude of k obs as substrate increases, as seen in Figure 3E , is typical of a competitive inhibitor (22) .
The uridine-binding site of LpxC (10), which binds the uridine moiety of UDP-3-O-acyl-GlcNAc with low millimolar affinity (13) , likely also binds the uridine moiety of 1-68A. If UDP and 1-68A compete for a binding site, millimolar concentrations of UDP would slow the formation of a kinetically irreversible 1-68A-LpxC complex. Indeed, 100 mM UDP was sufficient to reduce the rate of E. coli LpxC inactivation by 1-68A (in the absence of substrate) more than 5-fold, as shown in Figure 3F .
Wild-type E. coli LpxC displays time-dependent inhibition with CHIR-090 (18) . A mutant of E. coli LpxC (Q202W/ G210S) loses the time-dependence of CHIR-090 inhibition (18) . However, this mutant is still sensitive to inhibition by 1-68A in a time-dependent manner (data not shown). This suggests that, despite kinetic similarities, the mechanism of 1-68A inhibition is significantly different from CHIR-090 inhibition.
Role of a Thiol in 1-68A Inhibition. Given the instability of 1-68A in air and its protection by reducing agents, the effects of reducing agents were explored on the 1-68A inhibition of LpxC. The reducing agents glutathione and dithiothreitol diminished the inhibition of LpxC by 1-68A ( Figure 4A ). Dithiothreitol is likewise capable of reversing 1-68A inhibition, as seen in Figure 4B , but does not effect the inhibition of the more potent E. coli LpxC inhibitors CHIR-090, BB-78485 and L-161,240 (data not shown).
The reactivity of free thiols depends strongly on the pH. Therefore, the pH dependency of k obs at a fixed 1-68A concentration(1µM)wasdeterminedaspreviouslydescribed (8, 23) . A plot of these data, shown in Figure 4C , reveals that k obs has a pK a of at least 9.2. The pH-rate profile of LpxC was monitored as a control with 5 µM substrate (24) . Both the effect of reductants on complex formation and the pH dependency of k obs are suggestive that a thiolate moiety is involved in 1-68A inhibition.
E. coli LpxC variants with mutated cysteine residues were constructed to test the role of a thiol in 1-68A inhibition. E. coli LpxC contains six, nonconserved cysteine residues. One mutant enzyme, C207A, was much less sensitive to 1-68A inhibition (compare the first 8 min of Figure 4B and Figure  4D ) suggesting that Cys-207 is necessary to form the E-I complex. Mutant enzymes containing mutations of the other five cysteines were as sensitive to 1-68A as the wild-type enzyme, and all mutant proteins were nearly as active as the wild type (data not shown). The residual sensitivity of E. coli LpxC C207A may reflect the binding of 1-68A in the active site without the formation of a kinetically irreversible complex, or it may be due to interaction with the remaining five cysteine residues. However, inhibition of LpxC C207A by 1-68A was unaffected by dithiothreitol ( Figure 4D ) and the inhibition is reversible, strongly suggesting that Cys-207 is specifically involved in timedependent inhibition. Furthermore, the fractional activity (V i / V 0 ) of the mutant enzyme in the presence of 0.5 mM 1-68A was the same at pH 7.4 and 9.0 (data not shown).
1-68A CoValently Modifies E. coli LpxC. To determine whether the observed kinetic irreversibility of 1-68A inhibition was due to tight binding or covalent modification of LpxC, protein mass spectrometry of the 1-68A-E. coli LpxC complex was performed. The mass of the 1-68A-E. coli LpxC complex was 394 Da greater than that of the uninhibited enzyme as determined by electrospray-ionization mass spectrometry (ESI-MS) ( Figure 5A-C) . This shift is To demonstrate that a covalent complex can form between a thiol-containing agent and 1-68A, a model thiol-containing compound N-acetylcysteine-methylester was incubated with 1-68A. MS studies revealed the formation of a covalent complex between N-acetylcysteine-methylester and 1-68A ( Figure 5D ). The mass of this complex and its MS/MS analysis are consistent with the structure shown in Figures  5D and 5E . Together, the mass spectral analyses of the E. coli LpxC-1-68A and N-acetylcysteine-methylester-1-68A complexes are consistent with a mechanism whereby 1-68A inhibits E. coli LpxC by covalent modification of a cysteine residue.
SensitiVity of LpxC to 1-68A Analogues. The inhibitory effects of 1-68A analogues with variations of the 2,3,4-trihydroxy benzyl moiety were tested ( Figure 6 ). Only 1-68Aa, lacking a hydroxyl at the 2 position, inhibited E. coli LpxC as potently as 1-68A. Two compounds that retain the 3 position hydroxyl, 1-68Ac and 1-68Ad, were weak inhibitors. An isomer of 1-68A, 1-68Ad, contains a 5 position hydroxyl and exhibits greatly reduced inhibitory potency. 1-68Ab, a compound that does not contain the 3 position hydroxyl, was ineffective at all concentrations tested. The methyl ester-containing compounds 1-68Ae and 1-68Af were ineffective as well. Based on these data it appears the 3 and 4 position hydroxyls are critical for potent inhibition and removing or blocking them with methyl groups diminished inhibition at the concentrations tested. It was not determined whether these analogues are irreversible inhibitors.
By testing the inhibition of a broad range of purified LpxC orthologues by 1-68A and its analogues, it was determined that 1-68Aa is a more effective inhibitor of Helicobacter pylori LpxC and Rhizobium leguminosarum LpxC than the parent compound 1-68A (Table 1) . Both E. coli LpxC and H. pylori LpxC are inhibited by 1-68Aa in a time-dependent manner; furthermore, inhibition does not occur in the presence of 2 mM dithiothreitol and 50 µM 1-68Aa (data not shown). Though both R. leguminosarum and H. pylori LpxC contain cysteines, none of these are near Cys-207 of E. coli LpxC based on the primary sequence alignments ( Figure S1 in the Supporting Information). Without full structural information, it is not clear whether R. leguminosarum and H. pylori LpxC have cysteine residues proximal to their uridine-binding pockets.
DISCUSSION
Inhibitors Targeting the UDP Pocket. In this study 1-68A was identified as a two-step, covalent inhibitor of E. coli LpxC. 1-68A may be viewed as a competitive inhibitor of E. coli LpxC in that it binds to the UDP-binding site ( Figure  3F ) and thus represents a new class of LpxC inhibitors. Although 1-68A lacks antibiotic activity (data not shown), it nevertheless demonstrates that the UDP pocket can be targeted for inhibitor discovery. Given that none of the potent LpxC inhibitors with antibiotic activity target the UDP pocket, addition of a UDP analogue might enhance binding and specificity. In theory, an inhibitor developed through a multivalency approach may bind to LpxC with a dissociation constant that is the product of the two individual components (25) . Addition of a moiety with 1 mM affinity to a tightbinding inhibitor, like CHIR-090, could therefore enhance binding 1000-fold.
Mechanism of Inhibition. It is likely that the noncovalent interaction of 1-68A with the UDP-binding site on LpxC is the fast step that forms the EI complex (Scheme 1), followed by a slow step to form the E-I complex. Consistent with this kinetic scheme, E. coli LpxC C207A is much less sensitive to 1-68A when compared to wild-type E. coli LpxC (Figure 4) , and does not form an E-I complex. This suggests that the EI complex found with E. coli LpxC C207A is comparable to the initial EI complex found with wild-type E. coli LpxC.
The second step of inhibition, the formation of a covalent E-I complex, requires high pH and Cys-207. Consistent with this notion, the ESI-MS analysis indicated that 1-68A reacts with a cysteine-containing model peptide (N-acetylcysteinemethylester) or with multiple sites on E. coli LpxC to form a covalent complex. However, the predominant form of E. coli LpxC has reacted with only one equivalent of 1-68A ( Figure 5 ). Given that E. coli LpxC C207A is much less sensitive to 1-68A inhibition when compared to wild-type E. coli LpxC (Figure 4) , and it does not form an E-I complex, Cys-207 is likely the primary site of 1-68A modification. However, it is not possible to exclude the possibility that, unlike the studies with N-acetylcysteinemethylester, 1-68A does not react with a cysteine residue of LpxC. In this scenario, Cys-207 would be required to form the complex though is itself not permanently modified.
The finding that UDP can delay 1-68A inhibition of LpxC is evidence that 1-68A engages the UDP binding pocket.
Comparison of an E. coli LpxC homology model and a crystal structure of the A. aeolicus LpxC-UDP complex (10) indicates that Cys-207 is located <10 Å from C-5 of the ribose ring (Figure 7) , a distance that is approximately equal to the length of the aminooxy and trihydroxy benzene moieties of 1-68A (Figure 2) . Although the role of Cys-207 is not well defined, the model of the E. coli LpxC structure indicates that all of the other cysteine residues are farther from the UDP-binding site and therefore less likely to mediate LpxC inhibition by 1-68A.
In an effort to establish the importance of various substituents for potency, analogues of 1-68A in which the hydroxyls at either positions 3 or 4 are absent (1-68Ab and 1-68Ac) or blocked (1-68Ae and 1-68Af) were assayed and found to be poor inhibitors ( Figure 5) . However, the absence of the 2 position hydroxyl (1-68Aa) had little effect on inhibition ( Figure 5 ). It is possible the 3 and 4 position hydroxyls are necessary to facilitate the formation of a reactive species. Addition of a hydroxyl at the 5 position (1-68Ad) may prevent the formation of a reactive species. These results suggest that the trihydroxy benzene moiety, rather than the nucleoside or aminooxy linkage, is responsible for the formation of the covalent E-I complex. A similar covalent inactivator of pyruvic-, R-ketoglutaric-, and succinic-dehydrogenases by γ-Lglutaminyl 3,4-benzoquinone has been described (26) .
1-68A Inhibits LpxC and ppGalNAcT2 Via Different Mechanisms. Previously 1-68A was identified as an inhibitor of mucin ppGalNAcT2 (20) , a glycosyl transferase with no obvious homology to LpxC. However, 1-68A appears to be a fully reversible inhibitor of ppGalNAcT2, and inhibition occurs in the presence of 40 mM -mercaptoethanol (20) . In addition, none of the 1-68A analogues reported here ( Figure 6 ) were inhibitors of ppGalNAcT2 (Leavy and Bertozzi, unpublished results). These data suggest that 1-68A inhibits LpxC and ppGalNAcT2 through different mechanisms.
CONCLUSION
1-68A represents a new class of LpxC inhibitors that exploit the uridine binding site to form a covalent complex.
While not antibiotic, it may provide a new scaffold for extension of existing LpxC-inhibiting antibiotics to target the UDP binding pocket.
